Potential drug targets of Mycobacterium tuberculosis H37Rv were identified through systematically integrated comparative genome and network centrality analysis. The comparative analysis of the complete genome of Mycobacterium tuberculosis H37Rv against Database of Essential Genes (DEG) yields a list of proteins which are essential for the growth and survival of the pathogen. Those proteins which are nonhomologous with human were selected. The resulting proteins were then prioritized by using the four network centrality measures: degree, closeness, betweenness, and eigenvector. Proteins whose centrality value is close to the centre of gravity of the interactome network were proposed as a final list of potential drug targets for the pathogen. The use of an integrated approach is believed to increase the success of the drug target identification process. For the purpose of validation, selective comparisons have been made among the proposed targets and previously identified drug targets by various other methods. About half of these proteins have been already reported as potential drug targets. We believe that the identified proteins will be an important input to experimental study which in the way could save considerable amount of time and cost of drug target discovery.
Introduction
Mycobacterium tuberculosis (Mtb), the etiological agent of tuberculosis (TB), is the second main cause of death and infection for human among infectious diseases next to Human Immunodeficiency Virus (HIV) [1] and Mycobacterium tuberculosis H37Rv is the most studied strain. According to WHO global tuberculosis report of 2013, there were an estimated 8.6 million new cases and 1.3 million TB deaths in 2012 [2] . The estimate also showed that 3.6% of the new and 20.2% of previously treated cases are multidrug-resistance tuberculosis (MDR-TB) cases. Even though the current frontline anti-Mycobacterium drugs are mainly responsible for controlling and treatment of the disease to the extent that is being existing today, they have several shortcomings [3] . The main of them is the emergence of MDR-TB and extensively drug-resistant tuberculosis (XDR-TB) which could be able to render even these frontline drugs inactive. Some of the drugs like rifampicin have adverse side effects which lead to patient compliance. Most of these drugs are not also effective in acting on the latent forms of Bacillus. The need for careful consideration of vicious interactions between TB and HIV during drug discovery process for Mtb extends the challenge further [4] .
The stated challenges and limitations of the existing frontline antibiotics for Mtb led to exhaustive computational and experimental methods to identify potential new drug targets for the pathogen. The stream which focuses on identifying the essential genes for the survival and growth of the pathogen is one of them. There are three main findings which proposed the lists of essential genes for the survival and growth of Mycobacterium tuberculosis H37Rv [5] [6] [7] . These findings were compiled and stored in Database of Essential Genes (DEG) for the intended users [8] [9] [10] . The database has been used to propose potential drug targets of Mycobacterium tuberculosis H37Rv [11] . In the study, the complete genome of Mycobacterium tuberculosis H37Rv was blasted against DEG to identify essential genes and the resulting dataset was further analyzed for similarity search against human genome to identify genes which are not similar with human to avoid host toxicity. Since two of the main findings about the essential genes were published after this study, it is possible to hypothesise that a comprehensive set of potential drug targets of Mycobacterium tuberculosis H37Rv could be obtained through a systematic computational analysis on the integrated dataset from DEG which incorporates those recent findings.
Generally, computational methods identify a larger number of potential drug targets which could be difficult to experimentally validate all of the targets due to time and cost constraints. Our main objective in this study is to identify and prioritize the potential drug targets of Mycobacterium tuberculosis H37Rv by integrating the analysis of comparative genome and network centrality measures of protein-protein interaction network of the pathogen. The stated limitation with respect to the global network centrality measures is that they are mainly based on only shortest paths [12] . Even though nonshortest paths could be important while spreading information in the cellular network, the shortest paths yield a higher coverage than observed directly neighbours locally from protein interaction data. It has also been hypothesised that shortest paths are the most feasible paths that can be taken by proteins to communicate with each other [13] .
In this paper, a list of 137 potential drug targets of Mycobacterium tuberculosis H37Rv has been identified. These proteins are essential for the growth and survival of the pathogen, nonhomologous with human and prioritized based on their network centrality measure values where all of them are found within the close neighbourhood of the centre of gravity of protein-protein interaction network. It has been found out that almost half of these proteins have been already reported as potential drug targets of the pathogen by other methods. The structural assessment showed that 28 out of the 137 (20.44%) proteins have solved structure.
Materials and Method

Comparative Analysis.
The complete genome sequence dataset of Mycobacterium tuberculosis H37Rv was retrieved from Tuberculosis Database which is an integrated platform providing access to genome sequence, expression data, and literature curation for tuberculosis research [1, 14] . BLAST search of the retrieved protein coding genes was carried out against DEG to identify essential genes. The corresponding protein sequences obtained after DEG search were subjected to a BLASTp against the nonredundant database with an evalue threshold cut-off set to 0.005 [15] . The search was also restricted to H. sapiens because the objective was to find only those proteins, which do not have detectable human homologues to prevent host toxicity. [16] . The interactome network could contain false positives and false negatives which might affect the quality of the dataset and have an impact on the result. Interactions labeled with only "medium confidence" and "high confidence" scores were considered to minimize this impact. The statistical properties of the generated proteome network were characterized by different measures such as degree distribution, characteristic path length, and clustering coefficient to understand the general functional organization of interacting proteins.
Network Analysis
The degree or connectivity of a given network is equal to the number of connected neighbours or adjacent nodes. The degree distribution ( ), which has become one of the most prominent characteristics of network topology, is the measure of the proportion of nodes in the network having degree [17] .
For any two nodes and in a network with vertices, the distance between them is defined as the length of the shortest path between the vertices, that is, the minimal number of edges that need to be traversed to travel from vertex to . The path between two nodes does not necessarily have to be unique since there could be several alternative paths with the same path length. The characteristic path length is defined as the average shortest path of overall pairs of nodes in the network with vertices [17] .
Another important property of the network which shows local cohesiveness is the clustering coefficient C [17] . It is a measure of the probability that two nodes with a common neighbour to be connected. It is an indicator of the internal structure of the network. In undirected network, for a given node with neighbours, there exist max = ( − 1)/2 possible edges between the neighbors. Clustering coefficient of vertex is then given as the ratio of the actual number of edges between the neighbors to the maximal number max :
The global or mean clustering coefficient of the network is the average cluster coefficient of all vertices.
Network Centrality.
The resulting lists of proteins were further prioritized based on the four network centrality measures, namely, degree, closeness, betweenness, and eigenvector. The goal of these network centrality measures is to numerically characterize the importance of proteins in the biological system since centrality indices are used to quantify the nodes or edges that are more central than others. For undirected Graph G having adjacency matrix = ( ), the degree centrality of its th node is given by
Closeness centrality of a node is calculated as the inverse of the sum of distances from all other nodes:
The betweenness centrality is a measure of the total number of shortest paths between two nodes passing through the specified node. Let be the number of shortest paths from to and ( ) denotes the number of shortest paths from node to node passing through ; then betweenness centrality ( ) of the node is given by
Let = ( 1 , 2 , . . . , ) be an eigenvector of the adjacency matrix with eigenvalue :
The eigenvector centrality is given by
By Perron-Frobenius theorem, there is only one eigenvector with all centrality values nonnegative and this is the unique eigenvector that corresponds to the largest eigenvalue [18] .
Degree centrality is the most simple but also the most basic centrality measure which is used to identify an important node involved in a large number of interactions. It is a local centrality measure since determined by the number of its neighbors. It has been widely used for the analysis of biological networks [17] . Proteins with high degree centrality values are more likely to be essential for the survival and growth of the organism than proteins with low degree centrality values. In closeness centrality the specified nodes closeness to all other nodes of the network is quantified. An important node is typically close which means it can communicate quickly with the other nodes of the network. The betweenness centrality measure is a means to quantify the influence of a node in the interaction network. It shows that an important node lies on a high proportion of paths between other nodes in the interaction network. The eigenvector centrality of a node is directly dependent on the centrality values of its connected neighbors which means eigenvector centrality of each node is assigned a centrality value based on not only the quantity of its connections, but also their qualities. A high centrality value of the neighbors should result in a high centrality for the node under consideration. So the main idea in eigenvector centrality measure is that an important node is the one which is connected to important neighbors. The progression of the experiments in this study has been shown in Figure 1 .
Results and Discussion
Comparative Analysis for Identifying Nonhomologous
Essential Genes. The retrieved complete genome sequence dataset of Mycobacterium tuberculosis H37Rv consists of sequences of 3958 protein coding genes. These genes were then blasted against DEG to obtain essential genes. These genes are those which are indispensable for the survival and growth of the pathogen. As a result their functions are, therefore, considered a foundation of life. Defining these protein coding genes which are essential for the bacterial growth and its survival is believed to be important in identifying both key biological processes and potential targets for rational drug development [7] . A total of 1091 genes were identified as essential genes from the analysis.
One of the important questions that needs to be addressed while choosing potential drug targets for pathogens like Mycobacterium tuberculosis H37Rv is validating whether the potential proteins to be targeted are all absent in the host H. sapiens and therefore unique to the pathogen. Identifying those enzymes from the pathogen which does not share a similarity with the host proteins ensures that the targets have nothing in common with the host proteins, thereby eliminating undesired host protein-drug interactions. We have performed a comparative analysis of the host Homo sapiens and the pathogen Mycobacterium tuberculosis for the identified 1091 essential genes. We have adopted a stringent measure of listing out only those enzymes which have no similarity or negligible similarity (above the -value threshold of 0.005) to the host proteins. With the aid of this approach 572 out of 1091 proteins are absent in the host H. sapiens and therefore they are unique to Mycobacterium tuberculosis H37Rv.
Interactome Analysis for Prioritizing
Nonhomologous Essential Genes
General View of Mycobacterium tuberculosis H37Rv
Proteome Network. A proteome-scale interaction network of proteins in Mycobacterium tuberculosis H37Rv was generated from STRING database which is claimed to be a database and web resource dedicated to protein-protein interactions, including both physical and functional interactions [16] . The interactions are weighted and integrated from various sources like experimental repositories, computational prediction methods, and public text collections which makes it an acting comprehensive metadatabase that maps all interaction evidence onto a common set of genomes and proteins. In this database, a combined score has been assigned for each protein-protein linkage based on the evidence from various sources. A higher score is assigned for interactions which are supported by several types of evidence. Generally, these scores are broadly classified into three, namely, "low-scores" for value less than 0.4, "medium-scores" for values between 0.4 and 0.7, and "high-scores" for those associations whose values are greater than 0.7. The existence of false positives and false negatives is widely anticipated in the networks of these types which are being constructed by using the currently available methods [13] . A recent comprehensive study has also indicated that the protein-protein interaction networks generated from STRING database are of low quality consisting of a significant amount of false positives and false negatives [19] . All interactions with value of "low-scores" have been removed from this study to minimize the impact of the problem. The resulting network contains 64,428 interactions among 3,958 proteins. Of the total 64,428 interactions, 22,395 were labeled as "high-score" and 42,033 as "mediumscore." Despite of its shortcomings, this network provides a good framework for navigation through the proteome and it also allows for refinement of the network upon the availability of new experimental data. Statistical properties of the generated network have been shown in Table 1 to describe its essential properties. The characteristic path length of the network, which is the average distance between all pairs of nodes, is smaller than log( ). This implies that the Mycobacterium tuberculosis H37Rv proteome interaction network has "small world property" [20] . This property provides an idea about the network's navigability by indicating how fast information can be communicated in the system irrespective of the number of nodes. Thus, from this small world property of the network, we can understand that the network is efficient in the communication of biological information. This means one protein can have an influence on another with only a small number of intermediate reactions. The shortest path length distribution between pairwise protein interactions has been shown in Figure 2 . As the degree distribution of the resulting network has also been shown in Figure 3 , it exhibits scalefree property like many biological networks in which the degree distribution of proteins approximates a power law ( ) = − , with the degree exponent ∼ 1.38. So there are very rare highly connected nodes called hubs in a vast majority of nodes with only a few connections. The clustering coefficient of the resulting network is significantly higher than the clustering coefficient of a random graph with the same number of vertices (0.008).
Network Centrality Analysis.
Comparative genome analysis was helpful in filtering out 572 nonhomologous and essential proteins of Mycobacterium tuberculosis H37Rv. However, this set is still very large to validate with the aid of experimental methods. The network centrality measures have been used for further ranking and prioritizing these proteins in the generated proteome interactome network. The objective was to order the proteins such that the most important proteins can be used first in an experiment. This has been done with the subsequent steps of sorting all of the proteins in the generated network, filtering proteins that are found near to the center of gravity and identifying the ordered list from nonhomologous and essential proteins which are found in the filtered list. For longitudinal comparison of centralities, the distribution of betweenness value of sorted proteins has been indicated in Figure 4 . The diagram shows the number of proteins located in separate score intervals of the network. Betweenness centrality metric is one of the significant indicators of network essentiality because proteins with high betweenness are essential for the functioning of the system by serving as a bridge of communication between several other proteins in the network [21] . In this investigation, we tried to identify proteins which are found near to the centre of gravity of the proteome network by being connected with influential proteins. Since the characteristic path length of the generated network is 3.096, a protein is said to be at the centre of gravity if its betweenness measure is above the total number of shortest paths expected to pass through the protein in the functional network of interest, which is 12253.968. This criterion has been effectively used by Mazandu and Mulder in identification of potential drug targets of Mycobacterium tuberculosis [22] . targets incorporating the network centrality measure scores and validation is provided as Supplementary Material available online at http://dx.doi.org/10.1155/2015/212061. The lists of refined targets were further categorized by high level of functional classes and the distribution of these potential drug targets per functional class is shown in Figure 5 . The distribution indicated that most of the candidate drug targets are involved in cell wall and cell processes, followed by a significant proportion of proteins in intermediary metabolism and respiration, conserved hypothetical, and those belong to information pathway.
BioMed Research International
Our previous target list [23] Raman et al. [29] UniProt target list TDR validated targets The resulting lists of candidate proteins were assessed by comparing with some of known drug targets as well as potential targets predicted by using different computational and experimental methods. The dataset for this purpose was obtained by integrating manually curated targets from TDR, high confidence targets from UniProt, and attractive targets obtained by Raman et al. [29] through a series of comprehensive filters. We have also used the potential drug targets list identified in our previous investigation [23] . The Venn diagram ( Figure 6 ) shows the overlaps among these lists of drug targets and the proposed potential target list. Based on this assessment, 43 proteins in the list were TDR validated targets, 6 of which were in the UniProt target list. An additional of 18 proteins in our list were overlapped with UniProt's list, 5 of which were also predicted by Raman et al.; their list contains 2 more proteins. From our previous report 56 proteins were overlapped with the current candidates; some of them were already reported as potential targets by other methods. Moreover, there are four known targets of existing antitubercular drugs within this set. They are Rv1908c (KatG) (ranked 12th in the proposed list), Rv3795 (EmbB) (ranked 15th), Rv3793 (ranked 25th), and Rv3794 (ranked 30th). Rv1908c (KatG) is a validated drug target of Isoniazid whereas Rv3793, Rv3794 are target proteins of Ethambutol [24] . Rv3795 (EmbB) is a drug target for Rifampin, Isoniazid, and Ethambutol. Therefore, 67 (48.9%) proteins from our proposed list have been previously predicted or reported to be drug targets by the stated methods.
The lists of top 20 proteins according to each of the four centrality measures have been obtained. From these lists, 10 of the proteins are found to be common and they are listed in Table 2 . It is hypothesised that these proteins are better targets since they have been identified in higher ranks of the four centrality measures of the interactome network. Additional information about each protein such as function, gene name, whether it has been reported as a drug target by other methods, and interaction with the host can be referred from the Supplementary Material.
Additionally, potential drug targets of the pathogen that interact with the host have been identified to understand the infection mechanism using a dataset obtained from a computational prediction of Homo sapiens-Mycobacterium tuberculosis H37Rv protein-protein interactions [25] . This dataset is thought as a golden dataset for host-pathogen interaction. As it has been shown in Table 3 , 15 proteins from the proposed target lists interact with human. The reason for the presence of only few overlaps could be due to the fact that the host-pathogen interaction dataset is not comprehensive or the host interacting proteins are not necessarily essential to the pathogen and nonhomologous with human. Identifying proteins of the pathogen participating in the complex interplay with the host could significantly increase the reliability of the targets since these interactions are key factors in determining the outcome of the infection [26] .
Further, the study of Mycobacterium tuberculosis virulence is another path which has got much attention in the design of drugs with a new mechanism of action, the production of modern concepts, and tuberculosis treatment schemes [27] . Virulence factors have evolved as a response to the host immune reaction. In recent times, many mycobacterial virulence genes that are essential for the virulence of Mycobacterium tuberculosis complex (MTBC) species have been reported by a number of studies. Most of these genes either encode enzymes of several lipid pathways, cell surface proteins, regulators, and proteins of signal transduction systems or are involved in mycobacterial survival inside the aggressive microenvironment of the host macrophages. We took a compiled list of virulence genes from Forrellad et al. [27] and tried to observe the overlap with our proposed potential targets. It has been found out that five genes from the proposed potential target list are also reported as virulence genes. These genes have been shown in Table 4 .
Structural Assessment.
One of the main criteria which increase the targetability of the prioritized lists of proteins is the availability of crystal structures. The Protein Data Bank (PDB) is freely accessible and the main worldwide repository for the three-dimensional structural data of biological macromolecules such as proteins and nucleic acids which is typically obtained by X-ray crystallography or NMR spectroscopy and submitted by biologists and biochemists from around the world [28] . By excluding those proteins which have more than 70% sequence identity, only 229 (about 6%) of Mycobacterium tuberculosis proteins have solved structure in PDB [29] . Hence, we checked the availability of solved structures of the identified potential lists of targets and out of 137 proteins from our proposed target list, 28 were successfully mapped to 82 structures from PDB which is approximated to 20.44%. This list has also been shown in Table 5 including the corresponding centrality measure values and PDB IDs of structures. However, reliable structures of the pathogen could still be obtained by using theoretically calculated homology models. 
Assessment of the Method
It would be ideal to have standard validation data in order to assess the performance of the four centrality measures used in this analysis, but it is not readily available. The list of essential proteins obtained through a comparative analysis has been used as a test data. Since the main objective of centrality measures in a network is to identify the proteins which are influential, taking this data for evaluation is reasonable. These centrality measures were compared with other typical centrality measures: Local Average Connectivity-(LAC-) based method, Network Centrality (NC), Subgraph Centrality (SC), and Information Centrality (IC). As it can be seen in the jack-knife line chart (Figure 7) , there is no huge difference among the eight centrality measures with the AUC value of degree centrality the highest of all. Information and closeness centralities ranked second and third, respectively.
Other testing data, including validated drug targets and intersection of high confidence targets from UniProt and attractive targets from Raman et al. [29] , were identified. This list contains 47 proteins. Then, the eight centrality measures were compared in terms of the average rank of the drug targets in which lower average rank indicates better performance. The absolute count of drug targets in 1% of all candidate proteins (practically in the top 40 proteins), in the top 5% (practically in the top 198 proteins), in the top 10% (practically in the top 396 proteins), in the top 15% (practically in the top 594 proteins), and in the top 20% (practically in the top 792 proteins) among all candidates was reported (Table 6 ). For instance, in the top 1%, betweenness centrality identified 2 drug targets while the others found 1. Eigenvector identified joint maximum potential targets in all of top 5%, 10%, 15%, and 20%. We took up to 20% for comparison because these proteins are found near the center of gravity values. The cumulative count of essential proteins Figure 7 : Jack-knife line chart of eight centrality measures. The cumulative count of essential proteins of eight different centrality measures has been shown to assess the performance of the four centrality measures used for this analysis.
Conclusion
In this study we have identified a list of proteins which could be an attractive and reliable target for Mycobacterium tuberculosis H37Rv through a comprehensive analysis of comparative genome and network centrality measures of protein-protein interaction network. The comparative genome analysis has helped in identifying those lists of proteins which were stated as essential for the survival and growth of the pathogen to increase success rate of drugs to be designed. It was also useful in filtering out those proteins which are present in human to eliminate all those with a risk of causing host toxicity. In traditional drug discovery the side effect or drug safety has normally been addressed by making modification on the drug molecule, but systematic way of dealing with this problem at the drug target identification phase in the modern rational drug discovery process seems to be more effective [13] . These refined lists of proteins were then analyzed by network centrality measures to prioritize the identified lists of candidate protein targets by hypothesising that the proteins that are at the centre of gravity of the disease specific proteinprotein interaction network are more important proteins in the pathogen and hence more likely to be attractive targets.
The comparison of these lists of targets with some of known drug targets as well as potential targets predicted by using different computational and experimental methods revealed that about half of them have been previously predicted or reported to be potential drug targets for Mycobacterium tuberculosis H37Rv. The structural assessment of these proteins has also showed those which have an experimentally 
